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Abstract 
Habitat complexity plays an important role in determining benthic community structure.  
A diverse range of methods for its measurement have been adopted but none are 
convenient for use underwater where access time is at a premium.  We describe a novel, 
calibrated, tool for rapidly measuring scale-dependent habitat complexity developed, 
primarily, for use underwater.  This tool is based on a distance-wheel with 
interchangeable wheels of different sizes to allow a scale-dependent measure of distance.  
This technique was calibrated against a profile of known complexity, at relevant scales, 
and then trialed on the Loch Linnhe Artificial Reef, a replicated artificial substratum 
offering two different scale-dependent habitat complexities.  The distance-wheel was 
cost-effective, simple to fabricate and enabled the rapid and straightforward measurement 
of perceived distance over the step-length range of 133 – 1020 mm.   
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1. Introduction 
One of the major goals of aquatic ecology is to understand the spatial scaling laws that 
influence benthic community structure and the way organisms use and exploit benthic 
space (Almany, 2004; Ritchie and Olff, 1999; Taniguchi and Tokeshi, 2004). Improving 
our understanding of the relationship between organisms and the benthic habitat requires 
methods of quantifying relevant habitat parameters, such as habitat complexity, that are 
crucial in determining benthic community structure (including size structure) and 
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productivity in the subtidal environment (Gratwicke and Speight, 2005a; Navarrete and 
Menge, 1997; Ritchie and Olff, 1999; Woodward et al., 2005).   
 
There are several definitions of habitat complexity and numerous methods have been 
developed for its measurement (McCoy and Bell, 1991).  Sebens (1991) considers habitat 
complexity to consist of two parts: habitat heterogeneity (patchiness) and habitat structure 
including aspects of the physical and/or architectural components of complexity.  This 
paper is concerned with the measurement of habitat structure with particular emphasis on 
complexity. 
 
There are two broad categories for measuring and expressing habitat complexity, one 
being based on Euclidean metrics and the other based on the estimation of scale-
dependent perceived distance (Frost et al., 2005).  Euclidean methods are frequently 
limited to specific habitats or situations restricting their usefulness in comparative studies 
(Frost et al., 2005) and have included counts of specific features within a given habitat, 
such as coral or boulder density (Charton and Ruzafa, 1998), the sizes of holes available 
for colonisation (Friedlander and Parrish, 1998) or metrics such as the five and six point 
scores adopted by Gratwicke and  Speight (2005b) and Polunin and Roberts (1993) 
respectively.  Perceived distance methods are based on a comparison between the linear 
distance and various step-length-dependent measures between two points (Frost et al., 
2005).  Perceived distance methods allow a scale-dependent measure of habitat 
complexity and tend to be more useful than Euclidean methods as a common currency for 
expressing surface roughness or heterogeneity (Gee and Warwick, 1994a; Ritchie and 
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Olff, 1999) and, where the change in perceived distance as a function of step length is 
constant, be used to calculate the fractal dimension (Schmid, 2000) (discussed below).     
 
The scale-dependent step-length approach to measuring habitat complexity can be 
approached using a variety of indirect and direct techniques.  Indirect techniques seek to 
accurately reproduce the surface profile being assessed from which scale-dependent 
changes in complexity can be calculated using a variety of approaches including the 
Richardson Procedure and Kolmogorov or Box-counting method (Schmid, 2000).  Some 
objects, for example leaves, can simply be photographed in silhouette but other, 
predominantly larger or awkward-to-move surfaces, need to be mapped using profile 
gauges (e.g. Devescovi et al., 2005; Frost et al., 2005), stereo-photographic methods 
(Frost et al., 2005) or by taking casts (Commito and Rusignuolo, 2000).  Such approaches 
have the advantage that a permanent reproduction of the surface (of very high quality in 
the case of photographs and casts) is produced.  Photographic methods could be used at 
any scale (provided adequate visibility) but profile gauges are limited by practical 
considerations, for example, Frost et al. (2005) used 300 mm profile gauges with a 1 mm 
resolution whilst McCormick (1994) describes the use of a 1000 mm profile gauge with a 
100 mm resolution.  Profile gauges and photographic methods are ‘top-down’ methods 
that cannot be used to measure the additional habitat spaces under overhangs and in 
recesses (Commito and Rusignuolo, 2000).  This problem has been overcome, in part, by 
fixing a habitat using plaster-of-Paris, removing it to the laboratory and sectioning it to 
gain a view of the habitat complexity offered (Commito and Rusignuolo, 2000).  
However, casting methods, applied to 30 cm  x 30 cm sections of mussel bed by 
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Commito and Rusignuolo (2000), are likely to be limited by the practicalities of scale and 
the labour involved in sample preparation. 
 
Direct methods of assessing the step-length dependent distance across a surface have 
been approached in a number of ways but all are based on a measurement of distances 
using different step lengths (perceived distance).  The ‘step’ can be formed by dividers 
(with an infinite number of steps available between their minima and maxima) or chain 
links of fixed lengths (Frost et al., 2005; McCormick, 1994; Willis et al., 2005).   When 
the topographic complexity is at a smaller scale than the step-length then the ‘observer’ 
(or observing device) will effectively ignore (step over) such complexity and the total 
distance traveled between two points will more closely reflect the linear (straight-line or 
Euclidean) distance.  On the other hand, when traversing a convoluted surface where the 
step-length is of a scale which enables the observer to closely follow the surface 
topography, the perceived distance will be greater than the linear distance.  Plotting the 
perceived distance against the step-length gives a clear indication of the scale at which 
changes in habitat complexity are, or are not, occurring.   
 
The chain and divider techniques have been widely used in terrestrial and intertidal 
systems (during low water) (Beck, 1998; Frost et al., 2005; Polunin and Roberts, 1993) 
but both suffer from the difficulties in surveying very convoluted environments as a 
consequence of the practicalities of handling lengths of chain or pairs of dividers, 
particularly in the case of the chain method where slippage has been reported as a 
problem (Frost et al., 2005).  Such handling difficulties are exacerbated underwater and, 
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as a consequence, direct underwater measurements of habitat complexity are frequently 
based on Euclidean metrics (visual counts of specific features and assessments of 
complexity) (e.g. Gratwicke and Speight, 2005b; Polunin and Roberts, 1993).  Visual 
counts and assessments, commonly used in warm-water situations such as coral reefs, 
have considerable merit but are potentially subjective and prone to observer bias (Wilson 
et al., 2007).   
 
Where the relationship between the distance separating two points and the step-length is 
constant (on a logarithmic scale), the surface complexity can be characterized by a single 
metric, termed the fractal dimension (D) (Schmid, 2000). 
 
The shapes of many natural objects, ranging from plants to clouds, are fractal in nature at 
least over certain scales (Schmid, 2000).  However, some natural (e.g. corals, Bradbury et 
al., 1984) and man-made benthic structures may offer varying degrees of complexity as a 
function of scale.  The degree of complexity offered, and the scale at which changes in 
complexity are occurring, can be assessed by measuring step-length dependent 
differences in the perceived distance between two points. 
 
The objective of the current research was to develop and calibrate a method of 
objectively quantifying habitat complexity that would enable the determination of surface 
rugosity (whether or not that surface is fractal in nature) at a broad range of scales in 
compliance with Hobson’s (1972) criteria of being conceptually descriptive and easily 
used in the field. 
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2. Materials and methods 
The objective was to develop a technique for measuring scale-dependent distances 
between two points that was practicable to use underwater.  This meant that the technique 
needed to be lightweight, safe and rapid to deploy and use.  In order to validate the 
technique standardized substrata were also required that offered variations in complexity 
at the scales of interest.  The standardized substratum utilized was the Loch Linnhe 
Artificial Reef. 
2.1 The Loch Linnhe Artificial Reef 
The Loch Linnhe Artificial Reef is a purpose-built experimental artificial reef constructed 
in Loch Linnhe on the west coast of Scotland, UK (56° 32’N, 5°26’ W).  The artificial 
reef consists of 30 separate reef-modules, each made from approximately 4000 concrete 
blocks, in an area of approximately 0.4 km2.  Two types of block were used in the reef, 
termed ‘simple’ and ‘complex’, both having external dimensions of 200 x 200 x400 mm.  
The simple blocks were solid while the complex blocks contained two voids each of 130 
x 130 mm.  Each reef module is made from one block type resulting in either simple or 
complex reef-modules.  All reef-modules were constructed by deploying the concrete 
blocks at the water surface over a point-target in water 14 – 30 m in depth.  The blocks 
accumulated on the seabed in a roughly conical mound of 3 – 4.5 m in height with a 
circumference of 40 – 60 m.  The modules surveyed here had been immersed for less than 
six months, were very sparsely covered with epibiota consisting of a few barnacles, and 
formed the basis of the experimental, standardized substratum used in field-testing.  The 
random orientation of the blocks comprising the Loch Linnhe Artificial Reef will give an 
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isotropic surface (similar complexity in any direction Beck, 1998; Kostylev et al., 2005) 
making it an ideal test area.   
 
The Loch Linnhe Artificial Reef has been designed to facilitate research into the 
numerous aspects of sub-tidal ecology including space utilization by commercially 
important species.  In this regard the primary species of interest are the European lobster 
(Homarus gammarus L.) and fish such as cod (Gadus morhua L.).  The scales adopted 
for complexity measurements needed to be relevant to the scale at which these species 
(including juveniles) are likely to use, and perceive, their habitat as they search for shelter 
and food. 
2.2 Method development and description 
A novel tool which enabled the distance between two points to be calculated was 
developed from the basic principle of a distance-wheel roller (Fricke and Thum, 1976).  
The distance-wheel roller used here was made from a alloy-shaft mounted bearing on 
which wheels of different sizes could be mounted (Fig. 1).  The wheels, of 60, 133, 253, 
511 and 1020 mm circumferences, were fabricated from 10 mm thick polypropylene.  
The wheel dimensions chosen were dictated by the likely scale of habitat utilization by 
the species of interest (see above) and to match the calibration curve (see 2.3).  Minor 
discrepancies between the actual wheel sizes and the geometric series (see 2.3) occurred 
as a consequence of fabrication limitations. 
 
Around the perimeter of each wheel a rubber tape was attached to increase traction and a 
magnet (neodymium, N700-RB, 3mm x 2mm, RS Components) was inserted into the 
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plastic at the wheel edge (Fig. 1).  The wheels were attached to the shaft via a centrally 
located bearing (Fig.1).  A water-proof housed magnet-triggered LCD counter (RS 
Components) was mounted on the shaft such that the sensor (solid state hall-effect gear 
tooth, RS Components) was aligned just above the wheel perimeter in which the magnet 
was mounted. This was adjustable on the shaft such that the different sized wheels could 
be accommodated (Fig. 1).  The distance-wheel was, therefore, set-up to enable the user 
to push it along a given surface, with wheels of interchangeable size, and record the 
number of rotations.  The wheel circumference is analogous to the point-separation on a 
pair of dividers or chain-link length (but see discussions) and, when multiplied by the 
number of rotations, measures the scale-dependent distance between two points.   
(Figure 1 here) 
2.3 Calibration  
The distance-wheel technique was calibrated against a purpose-designed calibration 
curve.  The curve was fabricated from 10mm thick plywood and was similar to the 
widely used Koch Curve (e.g. Commito and Rusignuolo, 2000) except that at each 
iteration (decrease in scale) the length of each side increased by 3/2 (compared with the 
Koch Curve 4/3).  This geometric series was repeated four times, starting with a linear 
distance of 512 mm (the series being 512, 256, 128 and 64 mm; Fig. 2).  The curve 
design was chosen as it more closely represented the angular nature of the concrete 
blocks (compared with, for example, the Koch Curve), was relatively simple to fabricate 
at appropriate scales.  The calibration curve generated a profile with a fractal dimension 
1.585 (over the range 512 – 64 mm).   
(Figure 2 here) 
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For calibration, each wheel (60, 133, 253 and 511 mm) was rolled along the curve 10 
times and the results compared with the known perceived lengths at each scale.  The 
largest wheel (1020 mm) was too large for the calibration curve.  For the purposes of this 
paper ‘step-length’ refers to the wheel circumference. 
2.4 Use of the distance-wheels 
The reef-modules were accessed using SCUBA.  The goal was to measure the perceived 
distance between two points that were 5 m (for the two smaller wheels; 133 and 253 mm 
circumference) or 10 linear m apart (for the two larger wheels; 511 and 1020 mm 
circumference).  Once the reef was located a leaded rope, longer than 10 m but marked at 
5 and 10 m, was pulled tight over the concrete blocks and the 5 and 10 m linear distances 
marked.  The rope was then allowed to sink onto the blocks forming the transect along 
which the wheels were rolled.  The distance-wheel device, utilising four wheels (133, 253 
511 and 1020 mm) was then pushed along this transect, in both directions to the 5 or 10 
m mark as appropriate.  It was ensured that the wheel remained in constant contact with 
the block-surface along the transect, even where it was necessary to negotiate highly 
irregular surfaces including small overhangs.  Seventeen transects were surveyed on each 
of the reef types.  The number of complete rotations was recorded for each transect.   
2.5 Data analysis 
For the calibration curve the relationship between the wheel circumference (analogous to 
the step-length) and the distance traveled over the surface, was log: log plotted.  Slope 
values, expressed as 1 minus the slope (making it analogous to the fractal dimension) 
were determined for between each incremental wheel pair (i.e. between 60- 133, 133– 
252 and 252 – 510 mm).   
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 For each reef type (simple and complex), changes in scale-dependent complexity were 
inferred from plots of perceived distance v. step-length.  A comparison of the slope, at 
different scales, indicates where the relative changes in habitat complexity were 
occurring (note that this does not necessarily indicate the largest absolute values, rather it 
indicates the ‘transition zones’ identified in Bradbury et al. (1984)).  
 
Comparisons in complexity (perceived distance) between the fixed factors, reef module 
type (simple and complex) and scale, were analyzed using the non-parametric two-factor 
Scheirer-Ray-Hare test (Sokal and Rohlf, 1995).  This two-factor extension of the rank-
based Kruskal-Wallis technique was used as the data failed the assumptions of 
homoscedasticity required for ANOVA. 
 
3. Results 
3.1 Calibration  
  For the calibration curve, the laboratory conditions allowed the use of the smallest 
wheel (60 mm circumference) and this was included in the calibration of the system.  
There were slight differences between expected and measured distances along the 
calibration curve. This difference decreased with increasing wheel size.  There was no 
error between successive measurements of the curve; all wheels made the same number 
of rotations at each use (n=10).  The theoretical fractal dimension of the calibration curve 
was 1.585 at scales between 60 and 511 mm.  The slope (fractal dimension), as 
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determined between successive wheels (step-lengths) was consistently lower than the 
theoretical value being 1.49, 1.53 and 1.56 for the intervals 60 – 133, 133 – 252 and 252 
– 511 mm respectively (Fig. 3).   
(Figure 3 here) 
 
3.2 Use of the distance-wheels in the field 
The smallest wheel (60 mm circumference) was impractical for use underwater as it 
tended to slip whilst used over the blocks, particularly in the presence of sedimentary 
accumulations.  All other wheels were convenient for use although, as expected, the 
smaller the wheel the greater the time required to carefully negotiate it around the 
complexities offered by the concrete blocks.  The time taken for each transect (5 m and 
10 m for the two smaller and two larger wheels respectively) was approximately 5, 4, 3 
and 1 minutes for the 133, 253, 511 and 1020 mm wheels respectively on the simple reefs 
and about 30% longer, for the 133 and 253 mm wheels on the complex reefs.  The wheels 
enabled rapid measurements of the reef along the set transects and, within 40 minutes, 
three simple- and two complex-block-reef transects could be measured using all four 
wheel sizes. The equipment design facilitated easy changing of wheels and recording of 
the results.  
3.3 Field measurements 
The perceived lengths were measured on simple and complex block artificial reef 
modules using each of the four wheels (Fig. 4).  Overall, the perceived distance was 
significantly higher for the complex blocks reefs compared with the simple blocks  
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(H=5.47, 1 df, p<0.025) and varied significantly (H=97.38, df=3, p<0.001) as a function 
of wheel size.  The difference in perceived length between the block types decreases with 
increasing wheel size (Fig. 4) although this interaction was not significant (when based 
on ranked data). 
 
(Figure 4 here) 
 
Neither of the artificial reef (simple or complex) profiles were fractal in nature – the 
change in log perceived distance was not linearly related to log step length.  The smallest 
change in perceived length occurred on the simple reef between the scales of 133 and 252 
mm whilst the largest change occurred on the complex reef between 252 and 510 mm 
(Fig. 4).   
4. Discussion 
The direct and rapid estimation of habitat complexity, underwater, was achieved using 
this novel distance-wheel technique.  Using the distance-wheel was relatively 
straightforward and extensive training was not required.  The distance-wheel approach 
meets Hobson’s (1972) criteria of being conceptually descriptive, practicable for use in 
the field (safe, non-cumbersome and easy to use even underwater) whilst allowing 
complexity to be measured on a number of scales.  The distance-wheel was simple and 
cheap to make, the principle being adoptable even in fairly remote locations (it should be 
noted that the electronic counter was not obligatory when using the larger wheels as the 
number of rotations could simply be counted).   
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 The calibration of the distance-wheel indicated how step-length methods of measuring 
complexity underestimate perceived distance, at least over surfaces such as the 
calibration curve.  The under-estimation of the perceived distance, that was most apparent 
at the smaller wheels sizes during calibration, was as a consequence of the rolling action 
of the wheel preventing it from accessing tight restrictions such as corners.  This anomaly 
would be common to all step-length based techniques for measuring irregular surfaces 
where mid-steps coincide with sharp angles.  Notwithstanding these limitations the 
distance wheel technique described here offers several advantages over other techniques 
for the estimation of surface complexity of underwater structures.  Frost et al. (2005) 
made a detailed study of the relative efficacies of three techniques (chains, profile gauges 
and stereo photography) for measuring the complexity of a surface.  In that paper two 
criteria (time, including post-measurement processing, and equipment costs) were used to 
estimate the cost associated with estimating complexity with known accuracy.  The 
equipment described here costs about £50 per device roughly equating to the cost of 
profile gauges.  The cost of chains may be less, at least where the link-size is small (ca. 
50mm) and commonly available, but this may be more than offset where transport costs 
are considered and where several chains, of different link-lengths, are required to assess 
complexity at different scales.   
 
The range of scales over which complexity is measured described here (133 – 1020 mm) 
is much greater than that described using alternative techniques, such as the chain-link 
method or profile gauges described in Frost et al. (2005) or the 100 * 10 mm profile 
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gauge described by McCormick (1994).  The smallest wheel trialled (60 mm 
circumference) was too small to be practicable underwater (although this might not apply 
in hard, terrestrial environments such as rocky shores).  With minimal practice, the 133 
mm wheel was convenient for use underwater but represents the approximate minimum 
wheel circumference using the equipment described here.  The larger wheels were easier 
to handle and it is considered that, with some modification of the system, considerably 
larger wheels could have been used, possibly up to a circumference of 5000 mm.  The 
distance-wheel offer the advantage of being able to measure perceived distance at larger 
step-lengths compared with, for example, the chain method (it is difficult to envisage 
manipulating chains of link-length even around the scales shown here (up to 1020 mm)).   
 
The range of scales measured using the distance-wheel also compare favourably with the 
divider method.  For example, a divider’s legs would need to be a minimum of 600 mm 
long (each) in order to make a 1 m step over one of the concrete blocks (long-edge; 200 
mm x 400 mm), on a level surface, present in the Loch Linnhe Artificial Reef.  Such a 
divider (600 mm legs) would be very awkward /impossible to use for small (ca 100 mm) 
steps where attempting to negotiate around overhands and recesses smaller than the 
length of the dividers legs (600 mm in this example).  To measure complexity over the 
range of scales easily assessed using the distance-wheel approach is likely to take more 
than one pair of dividers.   
 
The handle-mounted wheels were suitable for measuring distance in recesses and 
overhangs up to 1 m (an arms length plus the length of the roller) in which it would have 
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been impossible to manipulate a pair of dividers and where chains would have been 
awkward to use (but see note below).  However, any system has its limitations.  The 
wheel-device described here would, for example, be unable to access recesses where the 
opening is narrower than the wheel being used,  The use of the distance-wheel in such 
circumstances would, like any step-length method, lead to an underestimate of perceived 
distance where the recess opening leads to a wider space (e.g. a cave).  Under these 
circumstances it would be preferable to adopt visual counts (Wilson et al., 2007), 
possibly to complement results from the distance-wheel device.  The distance-wheel 
device was also limited by the smallest-scale at which it was practical to use; at wheel-
size of less than 133 mm (circumference) it became difficult to ensure reasonable 
traction, particularly on slippery (silty) surfaces.  Improvements in the design, 
particularly in relation to the bearing and by increasing the traction offered by the wheel 
perimeter, may enable the use of smaller wheels.  In any event, where evaluations of 
complexity are required at finer scales than those recorded here, techniques such as 
taking surface casts (Commito and Rusignuolo, 2000), or using very fine chains, may be 
preferable. 
 
Although a detailed comparison between the relative costs of these methods is not yet 
possible it is fair to assume that the wheels would be at least as rapid in their use as the 
chain method which are four times as quick to use as the profile gauges (Frost et al., 
2005).  The distance-wheel approach was rapid, particularly when using the larger wheels 
with the 10 m transect taking only 1 minute to survey.  Selecting the optimal transect 
length is a compromise between time and the degree of accuracy required; greater 
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accuracy would be obtained from repeat surveys of limited areas or by surveying longer 
transects.  On non-isotropic surfaces, the same transect would, ideally, be surveyed at all 
scales (step-lengths or wheels).  However, the smallest wheel (133 mm) took 10 times as 
long to use as the largest (1020 mm), an important consideration where (diving) time is 
restricted.  This is less likely to be an issue where perceived distance is being determined 
over a narrower scale-range.  Where the transect is short compared to the wheel size (i.e. 
traversing the transect takes a limited number of rotations) it may be preferable to reverse 
the procedure by counting a set number of wheel rotations along the habitat of interest 
and then measuring the linear distance along that transect.   
 
Other techniques for assessing habitat complexity, such as visualisation using acoustics 
(Schwinghamer et al., 1996), and laser-line-scan-systems (LLSS) (Carey et al., 2003) 
offer considerable potential for the generation of images from which complexity, at a 
broad range of scales, could be evaluated.  However, unlike the distance-wheel approach 
both acoustic methods and LLSS require considerable expertise and expense to 
implement and, in the case of LLSS are troubled by variations in water turbidity (Carey et 
al., 2003).  Furthermore, as pointed out by (Commito and Rusignuolo, 2000) such 'top-
down' visualisation techniques are likely to suffer difficulties quantifying the extent of 
overhangs and recesses.  
 
A simple plot of the perceived distance v. step-length (e.g. Fig. 4) clearly illustrates 
where the largest potential changes in habitat complexity are occurring and whether the 
surface (over the measured scales) is fractal in nature.  In terms of the artificial reefs 
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measured here, neither those made using the simple or complex blocks offered a fractal 
surface.  The largest changes in habitat complexity occurred on the complex reefs at a 
scale of 252 – 510mm (approximately the dimensions of the blocks).  Organisms utilizing 
the habitat at the scale of approximately 250 mm may, therefore, be faced with an 
apparent steep decline in habitat availability as they start to utilize habitat at the scale of 
approximately 500 mm.  Such estimates of changes in habitat availability are an essential 
component of predicting the scale at which habitat bottlenecks may occur (Caddy and 
Stamatopoulos, 1990; Casariego et al., 2004; Gee and Warwick, 1994b).  In addition, this 
technique may help determine if the relationship between the positive biomass-body size 
scaling and habitat complexity described for invertebrates (McAbendroth et al., 2005) 
also applies to megabenthic communities living in variously rugose habitats.   
5. Conclusions  
The distance wheel technique is an ideal tool for use on hard rocky substrata where the 
wheel can grip the surface.  Wheel slippage, which currently limits the minimum wheel 
size, could be reduced by improving the rolling mechanism and the adoption of a superior 
gripping surface on the wheel perimeter.  Notwithstanding these limitations, the tool 
described here is a useful, convenient tool for rapidly and safely quantifying habitat 
complexity at scales >100 mm.  This greatly extends the scale at which complexity is 
currently measured using indirect techniques (such as profile gauges).  This technique 
may help unconfound the issues of surface area and complexity in the utilization of space 
by larger subtidal organisms (Garcia-Charton and Perez-Ruzafa, 2001). 
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Figure Legends  
Fig. 1 – Diagram of distance wheel device. A – handle, B- electronic counter, C – 
moveable detector, D – wheel perimeter mounted magnet, E – bearing-mounted 
interchangeable wheel (one of four).  The wheel is pushed along the substratum (in the 
direction of the arrow). 
Fig. 2.  The calibration curve with fractal dimension (D) of 1.585.   
Fig. 3.  Comparison of theoretical perceived length (dashed line) and that measured (solid 
line) using the distance-wheel technique on the calibration curve 
Fig. 4.  Perceived distance compared with wheel circumference and block type (simple – 
light grey, complex –dark grey).  The error bars represent 95% confidence intervals. 
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